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Herbarium of the Pontificia Universidad Católica (QCA) for assistance with fieldwork. This 17 mM isopropyl-beta-D-thiogalactopyranoside was added to the culture and incubated for 3 hours 1 at 28 . Expression of the transgene was verified with qualitative real-time PCR using 2.5 ng of 2 cDNA template synthesized from pelleted cells from 15 mL of post-expression culture. A 3 functional assay was performed on the crude protein extract following Des Marais and Rausher 4 (2008) , and dihydroflavonols (DHK, DHQ, and DHM) were used as the substrates. The resulting 5 leucoanthocyanidins were heated at 95 for 30 minutes in 95% Butanol: 5% HCl to convert the 6 substrates into colored anthocyanidin products (delphinidin, cyanidin, and pelargonidin). These 7 were quantified by measuring peak absorbance in a Beckman DU-800 spectrophotometer. 8
Absorbance values were converted into μmoles by comparison with a standard dilution series. 9
The percentage of substrate converted was calculated by dividing the μmoles of anthocyanidin 10 produced by the μmoles of dihydroflavonol substrate provided. 11
12
Quantification of anthocyanin gene expression-Gene expression was measured to 13 determine if the loss of pigment in the white morph could be due to expression level differences 14 in pathway genes. Total RNA was extracted from RNAlater-preserved floral buds of the white 15 morph and five blue-flowered individuals using the Spectrum kit (Sigma-Aldrich, St. Louis, 16 MO). An on-column DNase digestion (Qiagen, Valencia, CA) was performed to remove gDNA 17 from extracted RNA. First strand cDNA synthesis was done with 0.5 μg total RNA in a 20 μL 18 reaction using SuperScript II Reverse Transcriptase following manufacturer's instructions 19 (Invitrogen Technologies, Carlsbad, CA). The resulting cDNA was diluted to 2.5 ng/μL for 20 quantitative real-time PCR (qPCR). Each 20 μL qPCR reaction contained 2.5 ng of the cDNA 21 template, 10 μL DyNAmo SYBR Green mix (Invitrogen Technologies, Carlsbad, CA), 0.4 μL 1x 22
6-carboxy-X-rhodamine passive reference dye, 0.4 μL of forward primer (10 μM), and 0.4 μL of 23 reverse primer (10 μM). qPCR primers for Chi, Chs, and F3h were designed as a part of this 1 study while those for the remaining genes were taken from Smith and Rausher (2011) (Appendix 2 S2; see Supplemental Data with the online version of this article). Elongation factor (EF1-α) was 3 used as a reference gene. The qPCR reactions were run on an ABI 7500 Fast machine under the 4 following conditions: 95 for 10 minutes, followed by 40 cycles of 95 for 20 seconds and 5 55 for 1 minute, and a dissociation step to verify primer specificity. The qPCR products were 6 additionally run on a 2% high resolution agarose gel to verify only one product was amplified. 7
Three to six replicate reactions were run for each cDNA and primer combination. Efficiency for 8 each gene was determined as described in Peirson et al. (2003) . We calculated relative 9 expression levels following Pfaffl (2001) to quantify the variation across loci and across blue 10 flowered individuals and determine whether the white individual showed significantly lower 11 expression of any of the structural genes. Differences in relative expression across individuals 12 and morphs were analyzed using a linear mixed model with REML model fitting in JMP Pro 11 13 (SAS, Cary, NC), treating color as a fixed effect and individual as a nested random effect. 14 15
Identification of anthocyanidins and related flavonoids-Floral and vegetative 16
flavonoids (including anthocyanidins) were identified using thin layer chromatography to 17 establish any differences between the blue and white morph. Flavonoids were extracted from 18 0.025 g of dried flower or leaf tissue by soaking overnight in 2 mL 2N HCl and refluxed at 19 95 for 1 hour to convert the glycosylated compounds (e.g., anthocyanins) to their 20 corresponding aglycones (e.g., anthocyanidins; Harborne, 1998). Flavonols were separated by 21 washing twice with 0.5 mL ethyl acetate, and anthocyanidins were extracted by washing once 22 with 0.15 mL iosamyl alcohol. Both layers were evaporated to dryness, eluted in 50 μL MeOH 23 1% HCl, and spotted onto cellulose plates for chromatography. Plates were developed for 4 to 6 1 hours in forestal solvent (30:3:10 acetic acid: 12N HCl: H 2 0), and compounds were identified by 2 comparison of R f values with standards. Standards for delphinidin, malvidin, petunidin, 3 myricetin, quercetin, and kaempferol were obtained from Extrasynthese (Genay, France). 4
5
RESULTS
7
Sequence variation between blue and white morphs-Full coding regions were obtained 8 for seven structural anthocyanin pathway genes (Chs, Chi, F3h, F3'h, F3'5'h, Dfr, and Ans) 9 from both morphs of I. calycinum. Phylogenetic analyses suggest that these sequences are 10 orthologous with the functionally characterized enzymes from model systems. At the amino acid 11 level, the I. calycinum sequences were 77-95% similar to sequences from other Solanaceae. 12
Moreover, the topology of the gene trees for each locus mirror the species relationships, with 13
Iochroma more closely related to Solanum than to Nicotiana or Petunia (Appendix S3; see 14
Supplemental Data with the online version of this article). Although, like other Solanaceae, 15
Iochroma has multiple genomic copies of Chs (S. D. Smith, unpublished data), we isolated a 16 single florally-expressed copy that is most similar to CHS-A, the dominant copy expressed in 17
Petunia flowers (Koes et al., 1986) . This pattern suggests that the floral-specific activity of this 18 "A" copy may be broadly conserved across Solanaceae. 19
We examined sequence variation in these structural genes to identify differences that 20 could underlie the flower color polymorphism, such as frameshifts, premature stop codons or 21 insertion-deletion (indel) events. Comparing the sequences from the white and blue morphs of I. 22 calycinum across all loci, we observed 14 synonymous mutations, five non-synonymous 23 mutations, and one deletion in Dfr (Appendix S4; see Supplemental Data with the online version 1 of this article). These non-synonymous changes could potentially reduce enzyme function and 2 account for the loss of pigment production, however, in each case, that amino acid variant 3 present in the white morph allele was also present in one or more pigment-producing outgroup 4 species (P. hybrida, N. benthamiana, S. lycopersicum, S. tuberosum, and I. cyaneum) . Moreover, 5 since none of the genes from the white morph had more than one non-synonymous difference 6 compared to the blue morph, negative interactions among mutations at the same locus in the 7 white morph would also not explain the phenotype. By contrast, the Dfr deletion was unique to 8 the white morph and would be predicted to affect function given its position in the protein. The 9 11 amino-acid deletion spans position 216-226 in the previously elucidated grape (Vitis vinifera) 10 crystal structure, and this area includes multiple sites important for the conformation of the 11 active site for the enzyme ( Fig. 2B ; Petit et al., 2007) . If this mutation were responsible for the 12 loss of pigmentation, we would expect it to be absent in (or at least heterozygous) in all 13 (which are converted to anthocyanidins during the assay protocol). The allele from the blue-21 flowered I. calycinum was able to convert all three dihydroflavonol precursors into colored 22
anthocyanidins while the white allele was non-functional (Fig. 2C, D) . The pattern of activity for 23 the blue morph copy was similar to other blue-flowered Iochroma species previously examined 1 (Smith and Rausher, 2011; Smith et al., 2013) where activity is low on DHK (the precursor of 2 red anthocyanins) and high on DHQ and DHM (the precursors of purple and blue anthocyanins). 3
By contrast, the deletion-carrying allele from the white morph of I. calycinum showed negligible 4 activity on any substrate and was not statistically different from the vector without an insert (Fig.  5   2C) . Given that the white allele of Dfr shows no putative loss-of-function mutations other than 6 the deletion, these results suggest that the disruption of the active site by the deletion is sufficient 7 to eliminate enzymatic activity. 8 9 Expression differences between blue and white morphs-Comparisons of gene 10 expression levels between the white morph and five randomly selected blue morphs revealed no 11 evidence of a significant association between gene expression and color. We observed about a 5-12 fold difference in expression across individuals and genes, however, in all cases the expression 13 levels for the white sample fell within the range of the blue samples (Fig. 3) . Looking within 14 genes, levels of gene expression varied roughly 3-fold across individuals, a range similar to that 15 observed for intraspecific expression variation in other studies (Streisfeld and Rausher, 2009; 16 Cooley et al., 2011; Smith and Rausher, 2011) and which may reflect slight differences in the 17 age of the buds sampled or simply developmental noise. Comparing white and blue samples, 18 expression levels for the white individual were relatively low for Dfr and Ans, but equivalent to 19 or higher than the blue individuals for the other five loci. Even for Dfr and Ans, the average 20 expression was similar to at least one of the blue individuals, and results from linear mixed 21 models showed no significant effect of color on expression (p=0.16-0.76 across genes). In 22 addition, the differences in expression observed across the I. calycinum individuals are minor 23 relative to the changes that affect flower color in other cases (24 to 200-fold; Streisfeld and 1 , 2009; Des Marais and Rausher, 2010; Dick et al., 2011; Smith and Rausher, 2011; 2 Streisfeld and Rausher, 2011) . Overall, these results indicate that differences in gene expression 3 are not likely to be responsible for the white morph of I. calycinum. In addition, the pattern of 4 expression variation suggests transcription factors did not play a role in the lack of pigmentation 5 because, in that case, we would expect to see multiple genes coordinately down regulated in 6 white flowers (Whittall et al., 2006) . 7
Rausher
8
Effects of Dfr loss of function on flavonoid production-Thin layer chromatography 9 (TLC) was conducted on floral and leaf tissue of blue and white I. calycinum to determine if 10 anthocyanidins and related flavonoids were being produced. If the Dfr deletion is the only 11 change in the pathway, we would predict that anthocyanidin production would be lost while 12 upstream products (e.g., flavonols) would not be affected (Fig. 1) . The TLC analysis confirmed 13 the presence of the two anthocyanidins (delphinidin and malvidin, a delphinidin derivative) in 14 blue-flowered I. calycinum and the lack of these compounds in the white morph (Appendix S6; 15 see Supplemental Data with the online version of this article). These delphinidin-derived 16 pigments are also responsible for blue and purple colors in other Iochroma and related species 17 The goal of this project was to determine the genetic basis for the lack of pigmentation in the 2 white morph of the normally blue-flowered I. calycinum. Analysis of the coding regions of 3 anthocyanin structural genes revealed a single putative loss of function mutation (an 11-amino-4 acid deletion in DFR) distinguishing the blue and white morphs. Assays of DFR function using 5 alleles cloned from each morph confirmed that this deletion causes a loss of enzyme activity, and 6 thus blocks anthocyanin production. We did not observe any significant differences in gene 7 expression between the blue and white morphs, suggesting that this structural mutation alone 8 underlies the loss of flower color. Consistent with the downstream position of DFR in the 9 pathway ( Fig. 1) , we found that the white morph continues to make upstream pathway products 10 (flavonols) despite the loss of pigmentation. 11 12 Functional evolution of DFR and flower color variation-Like the other enzymes of the 13 flavonoid biosynthetic pathway, DFR and its role in pigment production are deeply conserved, 14 dating back at least to the common ancestor of land plants (Rausher, 2006; Campanella et al., 15 2014 ). This enzyme is responsible for reducing dihydroflavonols such as DHK, DHQ, and DHM 16 to form leucoanthocyanidins, which in turn are converted into anthocyanin pigments. Although 17 DFR has the potential to act on multiple substrates, functional analyses commonly reveal 18 substrate specialization, where the enzyme preferentially reduces particular compounds (Johnson 19 et al., 2001; Halbwirth et al., 2003; Xie et al., 2004; Des Marais and Rausher, 2008; Leonard et 20 al., 2008) . Previous studies demonstrated that Dfr copies from blue-flowered Iochroma species 21 show higher activity on DHQ and DHM, the precursors of purple and blue anthocyanins than on 22 DHK, the precursor of red anthocyanins (Smith et al., 2013) . This study shows that the blue-23 flowered I. calycinum shares the same pattern of substrate specificity, which has also been 1 documented in Petunia (Johnson et al., 2001) . 2
These comparative functional studies of DFR together with the recently published crystal 3 structure from V. vinifera (Petit et al., 2007) have clarified the regions of the enzyme that are 4 involved in function and specificity. Sites important for specificity fall into two clusters in the 5 gene, one around position 133 in V. vinifera and another around position 227 (Petit et al., 2007) . 6
Although early studies emphasized the role of the first cluster in underlying species differences 7 in pigmentation (Beld et al., 1989; Johnson et al., 2001) , recent studies suggest that the second 8 cluster may be equally important in functional evolution (Fischer et al., 2003; Smith et al., 2013) . 9
Both areas are part of the substrate binding site and interact with the B-ring hydroxyl groups that 10 distinguish the classes of dihydroflavonols. The present study confirms the key role of the 11 second cluster in DFR function. The 11 amino-acid deletion found in the Dfr allele from the 12 white morph spans positions 216 to 226 in V. vinifera (Fig. 2B) , and the effect of this mutation is 13 to eliminate DFR activity on dihydroflavonols (Fig. 2C) . Additional studies would be needed to 14 determine if this effect is due to a loss of substrate binding specifically or the overall deformation 15 of the active site. pollinators may discriminate against white flowers because of innate preferences (Launau and 22 Maier, 1995; Weiss, 1997) or longer handling times (Waser and Price, 1983) . Innate preferences 23 seem unlikely to play a major role in this system because the hummingbird pollinators of I. 1 calycinum are known to visit a wide array of flower colors, including white, in Iochroma and in 2 other Andean genera (Snow and Snow, 1980; Dziedzioch et al., 2003; Smith et al., 2008) . White-3 flowered morphs of Delphinium nuttalianum have been found to incur longer handling times due 4 to the loss of nectar guides (Waser and Price, 1983, 1985) . The tubular blue flowers of I. 5 calycinum are uniform in color (without apparent nectar guides) and the white form should 6 present a strong contrast against the green background, arguing against inefficient foraging as an 7
explanation. 8
An alternative explanation for the rarity of white is that the loss of DFR function has 9 negative consequences beyond its effects on floral pigmentation. Since Dfr is a single copy gene 10 and several studies suggest that this response is adaptive (Schemske and Bierzychudek, 2001; 19 Warren and Mackenzie, 2001; Coberly and Rausher, 2003) . Iochroma are long-lived shrubs, 20 likely to experience environmental stresses over their lifetimes, and the inability to produce 21 anthocyanins might limit the potential for white morphs to survive to flowering (typically 2-3 22 years) and beyond. 23 Finally, the low frequency of the white morph may be due to neutral (non-selective) 1 factors. For example, if the white allele arose only recently, it may still be at low frequency even 2 if it were strongly favored by selection. Genetic drift could also play a role in shaping the 3 frequency of color morphs, although no studies to date have found flower color variation to be 4 neutral (reviewed in Rausher, 2008) . There are multiple population genetic approaches for 5 testing for selection against the white allele of I. calycinum (e.g., Slatkin, 2000) which could be 6 used to examine the neutral hypothesis in future studies. 7
8
The genetic basis of within-species flower color polymorphisms-Despite the large 9 number of pigmented species that exhibit white-flowered morphs (e.g., Epling and Dobzhansky, 10 1942; Waser and Price, 1981; Brown and Clegg, 1984; Levin and Brack, 1995) , relatively little is 11 known about the exact genetic cause for these losses of pigmentation. To date, there are four 12 cases in which the genetic basis of white-flowered morphs has been identified, and these involve 13 an array of mutations affecting both coding and cis-regulatory regions of structural genes and 14 transcription factors. The white morph of the artic mustard Parrya nudicaulis is due to a cis-15 regulatory mutation in Chs (Dick et al., 2011) , and a transposon insertion in the coding region of 16 this gene causes white flowers in Ipomoea purpurea (Habu et al., 1998; Coberly and Rausher, 17 2003) . White morphs of I. purpurea have also been associated with a loss-of-function allele 18 (containing two deletions) at the Ipmyb1 locus that encodes an R2R3-MYB transcription factor 19 (Chang et al., 2005) . Finally, a frameshift mutation causing a premature stop codon in DFR is 20 responsible for white flowers in Mimulus lewisii (Wu et al., 2013) . This study thus represents the 21 second case of a loss-of-function mutation in DFR contributing to intraspecific flower color 22 variation, although here the mutation is in-frame and likely acts by disrupting the active site. mutations at different pathway genes will also be diverse. Indeed, strong purifying selection 2 acting on some pathway loci (e.g., Chi and F3h) may explain why naturally occurring loss-of-3 function mutants have yet to be found. Targeting populations with exceptionally rare white 4 morphs, as in the case of I. calycinum, may provide the best approach for discovering these 5 "missing" mutants and characterizing the spectrum of genetic variants segregating in nature. 
